C orpus callosotomy has been a well-established neurosurgical procedure for more than 50 years as a means to curb nonfocal epilepsy, with a specific indication for drop attacks. [21] [22] [23] Dandy completed the first case in 1931, when he sectioned the corpus callosum during resection of a cavum cyst in a 4-year-old boy and unintentionally freed him of a seizure disorder.
The extent of callosotomy is therefore a balance between achieving good seizure control and minimizing sequelae from disconnection syndromes. In most cases, an anterior corpus callosotomy that spares the splenium is adequate as a first step. If the patient remains affected with high seizure frequency, a second surgery attempting complete callosotomy is prudent. 34 There are also arguments for anterior, posterior, partial, and complete sectioning of the corpus callosum. 14, 16, 28 Corpus callosotomy is performed via an interhemispheric approach, and the surgery itself is associated with risks and neurological sequelae. Neurological sequelae separate from disconnection syndromes are often temporary and include paresis of the nondominant limb, gait difficulty, and urinary incontinence. These are thought to be due to parasagittal disconnection and traction on the frontal parasagittal cortex. Given these issues, the optimal operative technique as well as the optimal extent of sectioning for corpus callosotomy remains a debated issue. For instance, there have been surgical, 3, 16 endoscopic, 11 and radiosurgical 7, 10 corpus callosotomy case series looking at outcomes in children with intractable epilepsy. All of the newer approaches aim to minimize injury to normal brain tissue while working in a narrow surgical corridor.
Laser systems have played an important role in a variety of neurosurgical procedures since the late 1960s. 2, 3, 8, 24, [29] [30] [31] Argon and Nd:YAG (neodymium:yttrium-aluminumgarnet) lasers have been used in neurosurgical operating rooms in the past, but because of their high penetration and collateral tissue damage they failed to gain popularity. 27 The CO 2 laser, however, has favorable features such as absorption by water and minimal thermal penetration. These properties allow its use for varied applications, such as tumor resection, cord detethering, dural closure, and vascular anastomoses. 19 Although Stellar et al. used the CO 2 laser during resection of a glioblastoma in 1970, it failed to gain popularity due to a cumbersome setup and increased operative times. 30 The original system required a combination of focusing lenses with an application arm, which made it large and ergonomically unattractive.
Recent development of the OmniGuide fiber by Fink and associates at the Massachusetts Institute of Technology (MIT) has reintroduced the CO 2 laser to neurosurgery. 32 In this paper we report the first successful use of a fiberoptic CO 2 laser for corpus callosotomy in 6 children with intractable epilepsy, 2 of whom had the initial anterior two-thirds callosotomy completed with bipolar electrocautery. We demonstrate the safety profile of the CO 2 laser and describe its major advantages over other microsurgical tools.
methods
This retrospective case series reviews all cases involving pediatric patients who underwent corpus callosotomy at Lucile Packard Children's Hospital at Stanford using the CO 2 OmniGuide laser between May 2005 and October 2012 and was approved by the hospital's institutional review board. Data from 8 corpus callosotomy procedures performed in 6 pediatric patients who presented with medically refractory epilepsy marked by drop attacks were collected from electronic medical records, radiology reports, operative room records, OmniGuide CO 2 laser case logs, and pathology records.
results
The 6 patients treated ranged in age from 5 to 14 years (mean 9 years) and included 3 boys and 3 girls (Table 1) . Two underwent corpus callosotomy involving the anterior two-thirds of the corpus callosum but required a subsequent complete callosotomy due to continued drop attacks. All patients underwent callosotomy through the interhemispheric approach in the supine position. The laser had a Neuro-L fiber in place with a spot size of 320 μm (0.32 mm) at the tip. The power setting of the laser was between 4 and 8 W, and the laser was used in the continuous wave mode. All patients had improvement in the frequency of drop attacks following a complete callosotomy, and no complications were encountered.
illustrative cases

Case 2
This 5-year-old girl was diagnosed with medically refractory cryptogenic generalized epilepsy (myoclonic astatic seizure disorder) that began at the age of 8 months with generalized tonic-clonic and absence seizures. Her course was complicated by status epilepticus and profound developmental regression at the age of 2. At the time she came to our attention, she was able to walk with a walker and was nonverbal, with only unintelligible vocalizations. She was dependent upon a gastrostomy tube for nutrition and medications. She was having 2-4 seizures per day, manifested as drop attacks, grimacing, foaming at the mouth, circumoral cyanosis, and bilateral flexion and stiffening of all extremities. Her seizures caused her to throw her head forward, and she wore a helmet for protection when walking or out of her wheelchair for other purposes. At age 3 she underwent placement of a vagal nerve stimulator but it did not diminish the frequency or severity of her symptoms.
An MRI study of her brain showed no abnormality ( Fig. 1 left) . A 24-hour video electroencephalography (EEG) study showed multifocal spike discharges of multiple ictal myoclonic events with a generalized electroencephalographic pattern. Some seizures were relatively subtle, with an arrest of her behavior and her head slowly dropping forward. These were accompanied on EEG by a generalized decrement with shifting minor focal features, but no distinct localized onset. Some events progressed to a more prominent and obvious generalized tonic seizure, with bilateral arm posturing and no consistent lateralizing or localizing features.
Corpus callosotomy was recommended to reduce the number of drop attacks. A complete corpus callosotomy from rostrum to splenium was performed with the flexible CO 2 laser (Fig. 1 right) . The patient recovered to her neurological baseline postoperatively, and after some small seizures in the immediate postoperative period, she had no definitive seizures for 5 days. On the 5th postoperative day she was discharged to her home in good condition. At a 4-month postoperative visit, she continued to be free of drop attacks and her other episodes diminished in frequency. The patient began using her left hand with more purposeful and coordinated movements and she was more stable in the sitting position. Her vocalizations increased and she seemed to interact more with her environment. She continued treatment with the same antiepileptic medications.
Case 3
This 8-year-old girl with developmental delay was originally transferred to our facility for management of status epilepticus. She had previously undergone an anterior two-thirds corpus callosotomy for worsening seizure frequency and drop attacks approximately every 30 seconds as well as neurological decline, which included worsening ataxia that interfered with her ability to walk independently and feed herself. She had a gastrostomy tube in place for feeding before the first callosotomy. Initially, she showed improvement postoperatively, with no seizures for several months, but returned to her preoperative condition about 6 months later.
The remainder of her corpus callosotomy was performed with the CO 2 laser; she tolerated the procedure well and there were no complications. Following completion of the callosotomy, she was noted to be much more awake and was smiling. She was able to follow commands in all 4 extremities. She had improvement in swallowing, with most of her nutritional intake being by mouth and only medications administered through the gastrostomy tube. She continued to have frequent small right-sided partial seizures, but they were clearly less severe, and there were almost no generalized seizures. She was interactive, able to walk, and was working with physical and occupational therapists to regain mobility.
Case 5
This 8-year-old boy had medically refractory epilepsy and associated drop attacks, global developmental delay, and spastic diplegic cerebral palsy. In addition, because of food aversion, he had a gastrostomy tube in place. He was referred to us because he was having 20-30 seizures daily with drop attacks. His MRI showed no abnormality and EEG revealed bilateral frontal and independent bilateral epileptiform discharges along with generalized spikewave discharges. He underwent complete corpus callosotomy from rostrum to splenium. The procedure was well tolerated, and the patient's drop attacks improved significantly postoperatively.
Flexible cO 2 Omniguide laser
The OmniGuide CO 2 laser (Fig. 2) is a novel, flexible, hollow fiber lined by reflecting dielectric mirror surfaces that allow efficient conduction of energy. The fiber is cooled by an inert helium gas that dissipates the smoke and improves visualization of the beam. The fiber is coupled to a narrow-profile straight or bayoneted handpiece that allows precise control and focus of the target beam as well as a foot pedal that applies the laser energy as needed by the surgeon. The laser's "no contact" method makes it easy to work in deeper cavities with minimal tissue destruction.
Operative technique
The operative technique employed for a CO 2 laser corpus callosotomy is the standard interhemispheric approach using a frontal craniotomy with image guidance (Fig. 3) . The patient is positioned supine with the head in a neutral and slightly flexed position. The head is fixed in the Mayfield 3-pin head holder. A craniotomy flap is planned with one-third anterior to the coronal suture and two-thirds behind it (Video 1). With the neuronavigation system, the midline position is confirmed, and it must be determined that the anterior two-thirds of the corpus callosum may be reached without interference with major bridging veins in the area of the midline approach. The patient's hair is shaved accordingly, and the trapdoor incision spanning the midline is marked.
A skin flap is raised and retained with sutures and a moist flap. Two bur holes are created adjacent to the superior sagittal sinus in the frontal area on each side. The dura mater is carefully detached, especially in the area of the superior sagittal sinus, and then a craniotomy is fashioned.
The dura is opened with the base toward the superior sagittal sinus. Small bridging veins can be coagulated and transected, larger veins are spared. Tacking up the dura allows good access to the interhemispheric fissure, which is prepared by detachment of arachnoid adhesions.
Brain retractors are placed down to the corpus callosum. Pericallosal arteries are identified (Fig. 3A) and separated to reach the corpus callosum in the midline (Fig.  3B ). Papaverine-soaked cottonoids are used to cover the arteries, which are slightly retracted laterally. The CO 2 laser is set at very low settings for the midline incision of the corpus callosum, usually 4-8 W, and axonal fibers are transected layer by layer. We usually first dissect anteriorly down to identification of the ependymal surface of the lateral ventricle (Figs. 3C-F) . The transection is carried anterior to the genu, just shy of the anterior commissure, and the patient is repositioned by dropping the head and moving the retractors slightly more posteriorly. The splenium of the corpus callosum is then sectioned as far posteriorly as possible, in a subpial fashion. After ample irrigation, control of hemostasis is achieved using bipolar cautery.
discussion
Corpus callosotomy can help improve the quality of life for patients and their families, but it has had varied success for many types of medically intractable epilepsy. While myoclonic seizures show minimal response to corpus callosotomy, 5, 12 cure rates up to 12% are reported for generalized tonic-clonic seizures, and cure rates for drop attacks are the highest, with reported rates up to 80%.
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Although mainly palliative, corpus callosotomies have had a diagnostic role as well. In some patients, cessation of the interhemispheric spread of seizures with callosotomy may uncover areas of focal epilepsy, potentially allowing curative treatment with resective epilepsy surgery. Given the palliative role of corpus callosotomy, there have been efforts to make it safer, faster, and better tolerated. Recent efforts have included the use of radiosurgery to create lesions within the corpus callosum.
7,10
This case series introduces use of the OmniGuide CO 2 Fig. 2 . OmniGuide laser components. a: The OmniGuide laser system, comprising a CO 2 source, an adaptor (housing the optical array that passes the laser energy into the fiber), a sterile gas path filter that attaches to the hollow core Neuro L fiber, and a handpiece. B: Handpieces available for the laser, including straight and bayoneted handles of different lengths. c: Neuro-L fiber used for laser corpus callosotomy cases. d: Recommended handgrip for fully assembled OmniGuide laser with a bayoneted handpiece. Images used with permission from OmniGuide Neurosurgical.
laser to increase callosotomy targeting and precision. This tool has properties of sufficient penetrability and high absorption in water, allowing clean pial incisions with minimal desiccated and edematous areas, as observed in comparison histological specimens treated with bipolar electrocautery. 27 We have been able to perform diffusion tensor imaging on some of our laser callosotomy patients, with results that demonstrate a clean accurate section of callosal fibers (Fig. 4) . The OmniGuide laser handpiece has a narrow profile with a variety of lengths available, which makes it ideal to use in the interhemispheric fissure at a depth of 5-6 cm.
The CO 2 laser's "no touch" technique creates no mechanical tissue destruction and causes minimal surrounding thermal injury, which is useful in preventing injury to deeper structures such as the fornix. Additionally, given the laser's low penetration through cerebrospinal fluid, energy delivery ceases almost as soon as it gets near the ventricle. This makes the laser ideal in helping preserve a pial plane during the callosotomy.
The laser creates a clean lesioning plane, which makes it easy to follow to assess progress and when to stop. The laser has both cutting and coagulating properties, 26, 27 and when held farther from the surgical field the laser's coagulating properties can help control pial bleeding. The corpus callosum is generally not very vascularized, and with the addition of the laser there is only minimal bleeding during the procedure. We have not experienced issues with the smoke produced by the laser, as helium gas flow set at 70 psi provides sufficient smoke clearance and fiber cooling. We have experienced shorter operating times in CO 2 laser callosotomies, less ventricular hemorrhage, and clean fiber disconnection on tractography (Fig. 4) .
The small angled probe of the fiberoptic CO 2 laser provided easy access to the midline without risk of resting along the interhemispheric tissue or retraction injury to the right frontal and parietal lobe. Combining image guidance information through the microscope and probe provided excellent localization to the midline and knowledge of the anterior and posterior borders of transaction. With less parasagittal retraction required, these patients will likely experience less postoperative neurological sequelae from the procedure. In order to prevent inadvertent vascular injury, it is important to cover the callosomarginal and pericallosal vessels with irrigated cottonoids while using the laser.
The first reports on the use of this device came from the field of otolaryngology, where it has long been used for tracheal fibromas and head and neck tumors. 13 Multiple reports have identified the versatility and application of the flexible CO 2 laser in neurosurgery for the treatment of a variety of tumors, as well as cavernous malformations and spinal lipomas in tethered cord, and for the prevention of epidural scarring after laminectomy 4, 19 and laser discectomies. 20 In addition, Jayarao et al. recently reported successful use of the CO 2 laser in endoscopic transphenoidal surgery.
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One limited technical note has been published on the use of the CO 2 suction laser for corpus callosotomy in 2 patients. 9 In the area of epilepsy surgery there is one published study on use of the CO 2 laser for amygdalohipocampectomies in 18 patients with temporal lobe epilepsy.
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These papers, however, did not highlight the technical details of device performance or present clinical follow-up data. Our case series describes the use of laser-assisted corpus callosotomy in the pediatric age group and its utility as a technical adjunct in these cases.
The OmniGuide CO 2 laser does have some disadvan- tages. The laser fiber can be used only once and costs approximately $1500. The laser is user friendly but does require practice to become proficient. Cleaning the fiber tip requires meticulous care and attention from the operating room staff to avoid damage. The tool could be improved with a handpiece that would allow the surgeon to control wattage and a pointer light that would allow visualization of the target before initiating the laser with the foot pedal.
conclusions
Corpus callosotomy is an effective palliative procedure for drop attacks and medically intractable epilepsy. Our case series demonstrates that the OmniGuide CO 2 laser is a safe tool when used in combination with traditional microsurgical tools. It helps preserve the ependymal plane, create a clean transection, and minimize surrounding thermal damage to brain tissue. We believe that the CO 2 laser can be routinely used to complete corpus callosotomies. 
